Background--In older adults undergoing cardiac surgery, prediction of downstream risk is critical. Our objective was to determine the association of 5-m gait speed with 1-year mortality and repeat hospitalization following cardiac surgery.
Athough the evidence for gait speed as a risk factor for 30-day mortality and morbidity is compelling, the association between gait speed and long-term postsurgical outcomes has yet to be examined in an adequately powered sample size. Slow walkers who survive the index operation are hypothesized to have a heightened risk of mortality in the ensuing months. The utility of gait speed, accordingly, would not only be to assist operative decision making, but also to guide postoperative interventions such as cardiac rehabilitation. 8, 9 Using linked data from the STS and Centers for Medicare and Medicaid Services (CMS) databases, we performed a landmark analysis to determine the prognostic value of 5-m gait speed in older adults over a cumulative follow-up period of 1 year or more following cardiac surgery.
Methods Study Design
A cohort of older adults was assembled within the STS Adult Cardiac Surgery Database as previously described. 7 The STS began collecting 5-m gait speed as of July 2011, and patients undergoing coronary and heart valve surgery between July 2011 and December 2014 were eligible for this analysis. Gait speed, comorbid conditions, operative variables, and vital status during the index hospitalization were extracted from the STS database. Linkage with the CMS database was performed to obtain vital status and hospitalization data from the index discharge to at least 1-year post-procedure (December 2015). Multivariable regression was used to determine the effect of gait speed on 1-year mortality, and a landmark analysis was performed to compare effects at <30, 30 to 365, and >365 days. This article was prepared in accord with the standards set forth by the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines. 10 The analytical methods, but not the data, will be made available upon request to other researchers for purposes of reproducing the results or replicating the procedure.
Population
Inclusion criteria were: (1) age ≥65 years; (2) undergoing coronary artery bypass graft (CABG) surgery, aortic valve surgery, mitral valve surgery, or CABG combined with aortic or mitral valve surgery; and (3) preoperative gait speed recorded in the STS Adult Cardiac Surgery Database. Patients were excluded if they were unable to safely walk or had a critical preoperative status before surgery, defined as emergency or emergency salvage surgery, cardiogenic shock, or requirement for inotropic support or intra-aortic balloon pump. To set a minimum experience at the center level, centers were excluded if they had recorded gait speed in <10 patients during the study interval. Successful linkage between STS and CMS records was necessary for long-term follow-up information. A flow diagram of the study population is shown in Figure 1 .
5-m Gait Speed
Before surgery, patients performed the 5-m gait speed test according to standardized instructions: position the patient with his or her feet behind and just touching the 0-m start line; instruct to "walk at your comfortable pace" until a few steps past the 5-m mark (should not start to slow down before); begin each trial on the word "go"; start the timer with the first footfall after the 0-m line; and stop the timer with the first footfall after the 5-m line. Three trials were repeated, allowing sufficient time for recuperation between trials, and average gait speed was calculated. Erroneous walking times of <2 or >30 seconds were set to missing (n=38). Gait speed was similarly distributed in CMS-linked and unlinked populations, with the same cutoffs as previously identified in the 30-day analysis. 7 
Outcomes
The primary outcome was all-cause mortality from the date of the index surgical procedure to the last available follow-up and, moreover, during the following time intervals: (1) within the first 30 days following the index surgical procedure, (2) from 30 to 365 days, and (3) >365 days. Secondary outcomes were allcause rehospitalization, time to cardiovascular hospitalization, and time to noncardiovascular hospitalization. The cause of each hospitalization was ascertained based on a previously validated algorithm using International Classification of
Clinical Perspective
What Is New?
• Building on previous studies that demonstrated an association between gait speed and operative mortality at 30 days, this is the first large-scale study to demonstrate an association with mortality at 1 year and beyond.
• Our landmark survival analysis demonstrated that, in slow walkers, the relative risk of mortality was highest during the time period between 30 days and 1 year following cardiac surgery.
What Are the Clinical Implications?
• The utility of measuring gait speed is to screen for frailty in older adults referred for cardiac surgery in order to refine estimates of predicted risk, identify patients in need of further geriatric assessment, and optimize postoperative care during the short and mid term follow-up period.
Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes recorded in the CMS database. 11 All-cause hospitalization was identified as the first occurrence per patient, and cause-specific (cardiovascular and noncardiovascular) hospitalization was identified as the first occurrence per patient after censoring for other types of hospitalization and death.
Covariates
The covariates included in the ASCERT (American College of Cardiology Foundation-Society of Thoracic Surgeons Collaboration on the Comparative Effectiveness of Revascularization Strategies) 12 risk model were extracted from the STS database; these covariates were selected to predict 1-year mortality after cardiac surgery (as opposed to covariates in the STS-predicted risk of mortality model that were designed to predict 30-day outcomes). Covariates from the ASCERT model used for adjustment were: age, sex, race, diabetes mellitus, cerebrovascular disease, peripheral arterial disease, chronic lung disease, current cigarette smoking, dialysis, preoperative creatinine, number of diseased coronary vessels, left ventricular ejection fraction, congestive heart failure, and type of cardiac surgical procedure.
Statistical Analysis
Continuous variables are presented as medians with first quartiles (Q1) and third quartiles (Q3), and categorical variables are presented as numbers (n) and proportions (%). Baseline characteristics and unadjusted outcomes were compared across tertiles of gait speed using the KruskalWallis and chi-square tests. Missing values were handled by using simple imputation (common category) for categorical covariates, by using the conditional median for continuous covariates. For binary covariates, missing values were treated as not present according to STS analysis standards. Baseline characteristics and observed outcomes were compared for patients with versus without gait speed captured in the STS database and with versus without CMS successful linkage. Kaplan-Meier curves were plotted for gait speed tertiles and all-cause mortality, and the 3-sample log-rank test was applied to test for a survival difference. Cumulative incidence curves were plotted for gait speed tertiles and hospitalizations. After testing the proportional hazards assumptions using Schoenfeld residuals, Cox multivariable regression models were constructed for the entire follow-up period and for the specified time intervals (landmark analysis). For each time interval, patients censored before the start of that interval were excluded and events occurring after the end of that interval were not counted. Gait speed is represented as a continuous linear term (because the use of splines did not improve the model's fit) and, secondarily, as an ordinal tertile term. To test its incremental value, model performance was evaluated using c-statistics and integrated discrimination improvement. 13 
Results

Baseline Characteristics
The study population consisted of 8287 patients from 118 participating centers with a median age of 74 years (Q1, 69; Q3, 79), including 1809 (22%) octogenarians and 2659 (32%) females. The surgery performed was isolated CABG in 4542 patients (55%), isolated aortic or mitral valve surgery in 2275 (28%), and combined CABG plus aortic or mitral valve surgery in 1470 (18%). Median follow-up was 605 days (Q1, 349; Q3, 896), with all surviving patients being followed for at least 1 year. Compared with those included, patients excluded on the basis of not having gait speed measured or not having CMS vital status data accessible were similar in terms of age, sex, and comorbidity burden, yet they were more likely to have multivessel coronary disease and undergo isolated CABG surgery (Table S1) .
Compared with patients in the fast gait speed tertile of >1.00 m/s, those in the slow gait speed tertile of <0.83 m/s were older (76 versus 72 years) and more likely to be female (46% versus 20%), have lower hematocrit (37.1% versus 40.4%), lower serum albumin (3.8 versus 4.1 g/dL), lower creatinine clearance (66.2 versus 75.4 mL/min per 1.73 m 2 ), and lower left ventricular ejection fraction (56.0% versus 60.0%), and have a higher prevalence of diabetes mellitus (47% versus 33%), hypertension (93% versus 85%), cerebrovascular disease (22% versus 13%), peripheral arterial disease (18% versus 12%), chronic lung disease (35% versus 23%), and recent heart failure (35% versus 24%; Table 1 ).
Association Between 5-m Gait Speed and Outcomes
One-year survival was 90%, 95%, and 97% in the slow, middle, and fast gait speed tertiles, respectively (P<0.0001; Figure 2 Risk of hospitalization was 45%, 33%, and 27% at 1 year; and it was 19%, 14%, and 10% at 30 days in these tertiles (P<0.0001; Figure 3 ). There was an increased risk of both cardiovascular and noncardiovascular hospitalizations in slow walkers, although noncardiovascular hospitalizations were more frequently observed. Compared with the fast tertile, there was a graded increase in adjusted all-cause hospitalization among patients in the middle tertile (HR, 1.17; 95% CI, 1.06-1.29) and the slow tertile (HR, 1.43; 95% CI, 1.29-1.59). After adjusting for baseline covariates, continuous gait speed was also predictive of all-cause hospitalization (adjusted HR, 1.71 per 0.1-m/s decrease in gait speed; 95% CI, 1.45-2.02).
Landmark Analysis
In the landmark survival analysis, slow walkers had the greatest relative risk of all-cause mortality during the time interval of 30 to 365 days after surgery (adjusted HR, 2.28; 95% CI, 1.57-3.32). An association was also observed, albeit with a smaller effect size, during the time intervals of <30 days after surgery (adjusted HR, 1.57; 95% CI, 0.97-2.53) and >365 days after surgery (adjusted HR, 1.41; 95% CI, 1.00-1.99). Similarly, continuous gait speed was associated with a greater relative risk of all-cause mortality during the time interval of 30 to 365 days after surgery. Time-interval-stratified HRs and survival functions are shown in Table 2 and Figure 4 .
Incremental Value of Gait Speed
The c-statistic of the mortality risk model with baseline covariates was 0.7242; after adding gait speed to the model, the c-statistic improved to 0.7306 (P=0.0001) and the integrated discrimination improvement was 0.012 (P=0.0001).
Discussion
By linking the CMS and STS Adult Cardiac Surgery databases, this study examined the prognostic value of gait speed for midterm outcomes following cardiac surgery in a large, population-based cohort. The findings can be summarized as follows: (1) The 5-m gait speed test was predictive of 1-year survival in a multivariable model adjusting for cardiac status, comorbidities, and type of surgical procedure; (2) slow walkers were at greatest relative risk for death during the intermediate time period (30 days to 1 year) following surgery; and (3) gait speed was predictive of rehospitalization. These results build naturally on our previous work that demonstrated an association between gait speed and short-term outcomes, 7 and now extends and emphasizes the incremental value of gait speed in cardiac surgery. The paradigm of frailty is predicated on age-related perturbations in inflammatory, metabolic, and hematologic axes, as well as subclinical impairments in numerous organ systems. 14, 15 Our data are consistent with this multifaceted construct, in which patients classified as frail according to the 5-m gait speed test had a greater burden of comorbidities such as diabetes mellitus, peripheral and cerebrovascular disease, and lung disease. Furthermore, frail patients had a greater burden of clinical and subclinical biochemical derangements, such as lower hematocrit, lower serum albumin, and higher serum creatinine, as previously reported. 16, 17 These results highlight the association between gait speed and other indicators of frailty, and reflects the distinct information provided by gait speed above traditional risk factors such as those encompassed in the ASCERT model. 18 Given its association with repeat hospitalizations, the finding of slow gait speed may serve as a simple stratifier to identify at-risk patients and implement strategies to mitigate this risk. Because of the multifaceted nature of frailty and coexistence of multiple chronic conditions, it was not surprising to observe a large proportion of hospitalizations stemming from noncardiovascular causes in frail patients. The rising incidence of noncardiovascular events in patients with established cardiovascular disease is increasingly recognized, 19 notably in heart failure. 19, 20 This medical complexity has direct implications for the design of interventions aimed at treating frail patients following cardiac surgery. 20, 21 Existing models of postoperative cardiovascular care tend to focus on cardiocentric goals such as relief of angina and recovery of left ventricular ejection fraction, with less attention to recovery of energy and mobility. In order to promote functional recovery after cardiac surgery, coordinated multidisciplinary care is needed with the involvement of primary care practitioners, geriatricians, and rehabilitation specialists.
The results of our landmark analysis suggest that patients with slow gait speed are especially at risk for adverse events 30 days to 1 year following surgery. Early deaths are uncommon, ranging from 1.1% to 3.4% for fast and slow walkers, 7 respectively, and appear to be driven mainly by critical preoperative factors and unexpected operative or perioperative complications. Once the (rare) early hazard has been averted, frail patients are discharged from the hospital and tasked with the challenge of rebuilding lost muscle mass, strength, and endurance, facing continued (nonrare) competing risks from a multitude of comorbidities. Frail patients are more likely to decompensate, sometimes fatally, when their comorbid conditions become destabilized. Furthermore, frail patients with sarcopenia and slow gait speed preceding surgery enter a vicious cycle that contributes to further losses of muscle mass and strength following surgery. 22 This lack of muscle reserves is exacerbated by the catabolic stress of surgery, leading to deconditioning and disability that can be protracted and lead to repeat hospitalizations, institutionalization, and death. 23 The deconditioning of frail patients is best counteracted by cardiac rehabilitation after, and in selected patients before, surgery. 24, 25 Gait speed was a significant risk factor for mortality after adjusting for ASCERT risk factors; however, used as a solitary measure of frailty, its incremental discriminatory value was modest (as measured by the c-statistic change and integrated discrimination improvement). Similar results were noted in our 30-day STS study 7 and in 2 large transcatheter aortic valve replacement studies, 26, 27 wherein the addition of gait speed to a well-performing clinical risk score yielded a c-statistic change of <0.02 to predict mortality despite a statistically significant multivariable-adjusted effect. Conversely, multifaceted frailty scales, such as the Essential Frailty Toolset, yielded more impactful c-statistic changes up to 0.07 in the FRAILTY-AVR (Frailty Aortic Valve Replacement) study. 28 The Essential Frailty Toolset scale is scored 0 to 5 and consists of 5 timed chair rises, a brief cognitive assessment, serum albumin, and hemoglobin. Therefore, combining mobility with other indicators of frailty increases discrimination of multidimensional risk. Whereas the 5-m gait speed test remains a highly validated measure of frailty, its role in the setting of cardiac surgery appears to be one of a first-line screening test to efficiently identify patients who require further geriatric evaluation; this 2-tiered approach (gait speed and, if slow, multifaceted geriatric assessment) has been adopted in clinical care pathways. 29 Ease of use, low cost, and ability to rapidly deploy and interpret the gait speed test make it ideal to screen for frailty. Fast gait speeds provide reassurance for short-and mid term outcomes, whereas slow gait speeds signal a potential red flag to probe deeper in individual patients. Thus, gait speed is a pivotal first step in the evaluation of older patients referred for cardiac surgery.
There are a number of limitations in this study. The 5-m gait speed test was not performed in all STS centers. Most patients in the STS registry were not included in the analysis because gait speed had not been measured preoperatively; a comparison of included and excluded patients suggested that the primary reason for not measuring gait speed was logistical barriers rather than systematic bias. A secondary reason was the inability of the frailest group to complete the walking test. Although this iteration of STS data collection forms did not capture the reason for nonmeasurement of gait speed, previous studies have shown that 5% to 10% of patients are too physically weak or ill to complete the test and that these patients face the highest risk of mortality. Inclusion of these nonambulatory patients in this study would have expectedly strengthened the predictive ability of the gait speed test. 30 Other measures of frailty, such as cognitive function, grip strength, and chair rise time, were not available in the STS registry, nor was postoperative gait speed, which would have been of interest to explore the longitudinal trajectory and implications for recovery. 31 Nonavailable covariates may represent a source of residual confounding given the poorer global health status of patients with slow gait speed. Cause of death was not adjudicated and hence not reliably available, although cause of hospitalization was available and demonstrated that a substantial proportion of adverse events were noncardiovascular in nature. Finally, the study population was of older patients with CMS linkage; although necessary to obtain long-term follow-up and relevant to the population at risk for frailty, observations may not be generalizable to a younger population undergoing cardiac surgery.
Conclusions
Gait speed is a predictor of midterm mortality and hospitalization following cardiac surgery. The intermediate time period 30 to 365 days after hospital discharge has the highest relative risk of fatal adverse events among frail patients. The 5-m gait speed test is an efficient screening test to identify frail patients; the use of such a strategy should help target those who may benefit from geriatric assessment, medical optimization, and cardiac rehabilitation. Clinical trials are needed to develop effective interventions to improve survival and promote functional recovery in frail older adults undergoing cardiac surgery.
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